Despite the recent discovery of novel bocaviruses from porcine samples, their genetic evolution and diversity are poorly understood. This study reports the identification and complete genome characterization of two novel parvoviruses, porcine bocavirus 3 (PBoV3) and porcine bocavirus 4 (PBoV4), from various porcine tissues/samples, displaying marked intra-and inter-host genetic diversity, with recombination events. Bocaviruses were detected by PCR among 16.5 % (55/333) of porcine samples (lymph nodes, serum, nasopharyngeal and faecal samples) from healthy, sick or deceased pigs from farms and a slaughterhouse in Hong Kong. As marked nucleotide polymorphisms were observed in the partial VP1 sequences, complete VP1 genes from one nasopharyngeal and three faecal specimens were cloned and sequenced, which suggested the presence of two different bocaviruses and demonstrated significant intra-and inter-host genetic diversity. Complete genome sequences revealed the presence of two bocaviruses, PBoV3 and PBoV4, in a faecal and nasopharyngeal specimen, respectively, with two genotypes, PBoV4-1 and PBoV4-2, in the latter. Their genomes encoded three ORFs, characteristic of bocaviruses. Phylogenetic analysis showed that they were distantly related to other bocaviruses, forming a distinct cluster within the genus. Recombination analysis showed possible recombination events among VP1 sequences of PBoV4 strains from a faecal specimen, with two breakpoints identified (with a 68 and 71 bp region), suggesting that different strains/variants within the same host could have arisen from recombination. This is the first report describing marked sequence diversity and the co-existence of two viruses of the family Parvoviridae within the same host, which may have originated from and, in turn, facilitated recombination.
INTRODUCTION
Many emerging viruses are of zoonotic origin, causing epidemics in humans after overcoming the inter-species barrier through mutation or other genetic events such as recombination. Severe acute respiratory syndrome (SARS) coronavirus (SARS-CoV) responsible for the SARS epidemic in 2003 originated from wild animals, with bats as natural reservoirs for the ancestral viruses and diverse coronaviruses (Lau et al., 2005 (Lau et al., , 2007a Li et al., 2005; Woo et al., 2006) . We have also previously demonstrated recombination events among SARS-CoV-like viruses in bats, which may have led to the emergence of civet SARSCoV (Lau et al., 2010a) . Identifying possible animal origins or counterparts of emerging viruses is important in understanding their epidemiology, evolution and potential for re-emergence.
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On: Sat, 29 Dec 2018 08:31:45 members of which infect vertebrates, and Densovirinae, whose members infect insects and other arthropods (Fauquet et al., 2005) . Within the Parvovirinae, several genera, including Amdovirus, Bocavirus, Dependovirus, Erythrovirus, Parvovirus and 'Partetravirus' have been proposed (Fauquet et al., 2005) . The genus Bocavirus originally comprised only two members, bovine parvovirus (BPV) and minute virus of canines (MVC), which caused diarrhoea and mild respiratory diseases in calves, and fetal and neonatal respiratory disease and enteritis in dogs, respectively (Binn et al., 1970; Mochizuki et al., 2002; Spahn et al., 1966; Storz et al., 1978) . Several novel bocaviruses have been discovered recently, with their complete genome sequences described. In 2005, human bocavirus (HBoV) was identified in respiratory samples from patients with respiratory infections and later in stools of children with gastroenteritis worldwide (Allander et al., 2005; Lau et al., 2007b; Sloots et al., 2006; Söderlund-Venermo et al., 2009) . At least four different human bocavirus species, HBoV1 to HBoV4, have now been identified (Allander et al., 2005; Arthur et al., 2009; Kapoor et al., 2009 Kapoor et al., , 2010b . Recently, a novel bocavirus, gorilla bocavirus species 1 (GBoV1), was identified in stool samples from Western gorillas with acute enteritis (Kapoor et al., 2010a) . Similar HBoV-like viruses have also been detected in primates from Cameroon (Sharp et al., 2010) . Partial gene sequences closely related to those of bocaviruses have recently been detected in swine samples in Sweden and China (Blomström et al., 2009; Cheng et al., 2010; Zeng et al., 2011; Zhai et al., 2010) . Two recent studies have reported the nearly complete genome or coding sequence characterization of three novel porcine bocaviruses, porcine bocavirus 1 (PBoV1), porcine bocavirus 2 (PBoV2) and PBoV strain WUH1 (Cheng et al., 2010; Zeng et al., 2011) . We have also previously described two novel parvoviruses, porcine hokovirus (PHoV) and bovine hokovirus (BHoV), closely related to human parvovirus 4, which may belong to the recently proposed genus 'Partetravirus' (previously described as 'Hokovirus') in the family Parvoviridae (Lau et al., 2008) . To identify the possible existence of novel bocaviruses in our swine population, we conducted a study to investigate the presence of bocaviruses in porcine samples from healthy, sick and deceased swine from Hong Kong. Two potentially novel bocaviruses, PBoV3 and PBoV4, were identified, with marked intra-and inter-host genetic diversity being observed. The complete genome sequences of these two potentially novel bocaviruses were also determined and analysed.
RESULTS

Detection of bocaviruses in animal samples
PCR using consensus primers targeting a 144 bp fragment of the non-structural 1 (NS1) gene was positive for bocavirus in three faecal samples from deceased pigs. Subsequent PCR using specific primers targeting a 162 bp fragment of the VP1 capsid gene was positive in eight (9 %) of the 89 lymph node samples, one (1 %) of the 114 serum samples, 12 (24 %) of the 50 nasopharyngeal samples and 34 (68 %) of the 50 faecal samples from the 169 pigs collected (Table 1) . The sequences of the 120 bp fragment (excluding primer sequences) of the VP1 gene showed 94.2-100 % nucleotide identity to the corresponding partial VP1 sequences from porcine samples in China (GenBank accession no. HM053672), 54.2-57.5 % nucleotide identity to the corresponding sequence of PBoV1, 56.7-60.8 % nucleotide identity to the corresponding sequence of PBoV2 and 50.4-53.6 % nucleotide identity to the corresponding sequence of MVC (Fig. 1) . This suggested the presence of potentially novel bocaviruses among the porcine samples. Moreover, marked nucleotide polymorphisms were observed in these partial VP1 sequences (data not shown), suggesting the possible existence of multiple strains or genotypes in the same specimen. The detection rate of these bocaviruses in nasopharyngeal samples was significantly higher in deceased pigs (11 of 30) than in healthy pigs (1 of 20) (P50.026). However, no significant difference was noted in the detection rate in faecal samples between healthy and deceased pigs. None of the porcine liver samples collected from the markets tested positive.
Intra-and inter-host genetic diversity
To examine the genetic diversity of these novel bocaviruses within the same host and between different hosts, complete VP1 gene sequencing from one nasopharyngeal and three faecal specimens from three deceased pigs, SH14, SH17 and SH20, was performed. Ten clones were obtained from each specimen for sequencing of the VP1 inserts, which showed the presence of multiple sequence types in two faecal specimens, SH17F and SH14F. Phylogenetic analysis revealed that these multiple sequence types formed two distinct clusters (A and B) among the four samples studied: three sequence types from cluster A and cluster B in SH17F, one sequence type from cluster B in SH17N, three sequence types from cluster B in SH14F and two sequence types from cluster A in SH20F (Fig. 2) . This suggested that the current porcine bocaviruses exhibited significant genetic diversity within the same host and between different hosts. Moreover, two different bocaviruses appeared to be present in these porcine samples. In particular, SH17F contained sequences from both clusters, thus suggesting the presence of two different bocaviruses in this particular faecal specimen. Moreover, the sequences obtained from SH17F were distinct from those obtained from SH17N, the nasopharyngeal specimen from the same pig, showing that viral sequences from different sites within the same host can be different and may represent different strains or virus species.
Complete genome sequence analysis
To confirm the existence of two different bocaviruses among the porcine samples, complete genome sequences were determined for the bocaviruses from one faecal specimen (SH20F, belonging to cluster A) and one nasopharyngeal specimen (SH17N, belonging to cluster B) from two deceased pigs. Whilst a single genome sequence (PBoV3) was obtained from SH20F, SH17N was found to contain two different genome sequences (PBoV4-1 and PBoV4-2). The genome sizes of PBoV3, PBoV4-1 and PBoV4-2 were 5278, 5177 and 5177 bp, respectively. The genome sequence of PBoV3 shared 86.9 and 87.9 % nucleotide identity with those of PBoV4-1 and PBoV4-2, respectively, whilst the genome sequence of PBoV4-1 shared 97.7 % nucleotide identity with that of PBoV4-2. Similar to other bocaviruses, the three genomes each encoded two major non-overlapping ORFs, ORF1 and ORF2, and one additional ORF, ORF3, an arrangement that is characteristic of bocaviruses (Allander et al., 2005; Arthur et al., 2009) . ORF1 encodes non-structural protein NS1 and ORF2 encodes the overlapping VP1 and VP2 capsid proteins. Within ORF1, conserved motifs associated with rolling-circle replication, and helicase and ATPase activities were identified using the InterProScan program (http://www.ebi.ac.uk/ Fig. 2 . Phylogenetic analysis of the cloned sequences of complete VP1 genes of bocaviruses from one nasopharyngeal (SH17N) and three faecal (SH14F, SH17F and SH20F) specimens (shaded in grey) and the corresponding sequences of other bocaviruses. The tree was constructed using the maximum-likelihood method under the best evolutionary model (GTR+I). Bootstrap values were calculated from 100 trees. Bar, estimated number of substitutions per 5 nt.
Tools/pfa/iprscan/). Within ORF2, the phospholipase A 2 motifs required for parvovirus infectivity situated within the VP1-unique (VP1u) region were also found in the three genomes, along with a calcium-binding loop and catalytic residues. The function of ORF3, which encodes NP1, remains unclear, although it has been reported to be essential for virus replication in MVC (Sun et al., 2009) .
Comparison of the nucleotide and predicted amino acid sequences of NS1, NP1, VP1 and VP2 of the three genomes with those of other bocavirus genomes showed that they were only distantly related to other members of the genus. PBoV3 possessed the highest nucleotide identity to PBoV2 for NS1 (54.2 %) but to BPV for NP1 (54.3 %), VP1 (56.4 %) and VP2 (56.5 %). Both PBoV4-1 and PBoV4-2 possessed the highest nucleotide identities to HBoV1 for NS1 (53.7 and 54 %), to BPV for NP1 (both 53.8 %) and VP1 (both 57.8 %), and to MVC for VP2 (both 54.4 %) ( Table 2) . The difference observed between PBoV4-1 and PBoV4-2 was because of nucleotide substitutions in NS1 (sharing 94 % nucleotide identity), whereas the NP1, VP1, VP2 and noncoding regions were identical. In contrast, PBoV3 possessed higher nucleotide identity to PBoV4-1 and PBoV4-2 in NS1 (94.2 and 97 %, respectively) and NP1 (98.5 %) than in the VP1 (80.2 %) and VP2 (76.3 %) regions.
Phylogenetic analysis using the complete genome sequences of PBoV3, PBoV4-1 and PBoV4-2 showed that they were distantly related to other bocaviruses, forming a distinct cluster within the genus Bocavirus (Fig. 3) . PBoV4-1 and PBoV4-2, in turn, formed a distinct cluster with a bootstrap value of 100, separate from PBoV3. The branch lengths between PBoV3 and PBoV4 were also comparable to those between the different species among HBoV, and between PBoV1, PBoV2 and PBoV strain WUH1. This supported the presence of two different bocaviruses in the present porcine samples. Based on these results, we propose that the two novel bocaviruses be named porcine bocavirus 3 (PBoV3) and porcine bocavirus 4 (PBoV4), within the genus Bocavirus. The topologies of the trees calculated separately for ORF1 and ORF2 were similar to that of the nearly full-length genome tree (data not shown).
Recombination analysis
To detect recombination among the VP1 genes of different strains of PBoV3 and PBoV4, bootscan analysis was conducted. The results showed possible recombination events among the different VP1 sequence variants/strains from one faecal specimen, SH14F, containing PBoV4. When the sequence SH14F/12 was used as the query with SH14F/1 and SH14F/11 as potential parents, two recombination breakpoints near positions 1170 and 1780 were identified (Fig. 4a) . Upstream of the first breakpoint (region I) and downstream of the second breakpoint (region III), high bootstrap support for clustering of SH14F/12 with SH14F/11 was observed. However, an abrupt change in clustering occurred between the two breakpoints (region II), with high bootstrap support for clustering of SH14F/12 with SH14F/1. This is in line with the results from the phylogenetic analysis, where the sequence of SH14F/12 at region I and region III clustered with the corresponding sequence of SH14F/11, but the sequence at region II clustered with the corresponding sequence of SH14F/1 (Fig. 4b) . Further examination of the sequences around the two breakpoints by multiple alignment was performed to ascertain the exact sites of recombination. The results showed that upstream of position 1123 there was high nucleotide identity between the sequences of SH14F/12 and SH14F/11, whereas downstream of position 1190 there was high nucleotide identity between the sequences of SH14F/12 and SH14F/1 (Fig. 4c) . This indicated that the site of crossover at the first breakpoint was probably within a 68 bp region between positions 1123 and 1190. In contrast, upstream of position 1759, there was high nucleotide identity between the sequences of SH14F/12 and SH14F/1, whereas downstream of position 1829, there was high nucleotide identity between the sequences of SH14F/12 and SH14F/11 (Fig. 4d ). This indicated that the site of crossover at the second breakpoint was probably within a 71 bp region between positions 1759 and 1829. These results suggest that sequence variants or different strains of PBoV4 within the same host could have arisen from recombination.
DISCUSSION
The present study is the first to describe the existence of marked sequence diversity and co-existence of two different bocaviruses within the same host, a previously undescribed phenomenon in members of the family Parvoviridae. In this study, using consensus PCR primers for a VP1 gene fragment, potentially novel bocaviruses were detected in various tissue samples of pigs. As these gene sequences were found to possess marked nucleotide polymorphisms, the complete VP1 genes from four selected samples were cloned and sequenced, which revealed inter-and intra-host genetic diversity and the presence of two different bocaviruses. Complete genome sequences were determined from two samples containing each of the two bocaviruses, which confirmed the presence of two different bocaviruses, PBoV3 and PBoV4, with ,88 % overall nucleotide identity, and genetic diversity in one sample. Phylogenetic analysis revealed that PBoV3 and PBoV4 formed a distinct cluster only distantly related to the other known bocaviruses that have complete genome sequences available, including PBoV1, PBoV2 and PBoV strain WUH1, which was discovered recently in swine in China (Huang et al., 2010; Zeng et al., 2011) . The presence of both viruses with closely related sequence variants in the same host suggests that the observed diversity was because of both co-infection of different viruses and newly arising mutations. Moreover, the existence of complete genomes of both viruses detected in specimens from a single animal suggests that these viral sequences were associated with coinfections rather than remnant sequences from past exposures, although it remains to be determined whether these viruses were causing acute or persistent infections. However, the relative prevalence and intra-and inter-host diversity of PBoV3 and PBoV4 in positive samples (Table  1) , other than for the four samples selected for VP1 gene cloning, remains to be determined, as the partial NS1 sequences obtained during initial screening were too short for species determination and analysis of diversity. The presence of within-host genetic diversity has also been described in canine parvovirus (CPV) and feline panleukopenia virus (FPV) (Battilani et al., 2006; Hoelzer et al., 2008) . However, compared with the marked sequence diversity observed in the present porcine bocaviruses, only low levels of sequence variation of the same virus were detected during natural infections by either CPV or FPV (Hoelzer et al., 2008) . Co-infections of multiple parvovirus species or variants in the same host may potentially facilitate recombination.
Recombination may play an important role in the generation of new genotypes or species among bocaviruses. Although previously thought to be relatively stable, recent studies have suggested that parvoviruses can undergo rapid evolution to generate new genotypes or species (Hokynar et al., 2002; Nguyen et al., 2002; Servant et al., 2002; Shackelton et al., 2005; Shade et al., 1986) . In CPV, the mean substitution rate for the capsid gene was estimated at 1610 24 substitutions nt 21 year
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, which is close to that of RNA viruses (Duffy et al., 2008; Shackelton et al., 2005) . In addition, parvoviruses are known to undergo genetic rearrangement and recombination similar to that which occurs in RNA viruses (Hoelzer et al., 2008; Hogan & Faust, 1986) . Recent studies on HBoV genomes have also identified potential recombination events in the generation of variants or genotypes (Kapoor et al., 2009 (Kapoor et al., , 2010b . One study of HBoV2 identified putative breakpoints near the middle and 39 end of NS1 and the beginning of VP1/VP2 (Kapoor et al., 2009) . Another study showed extensive recombination at the NP1 and VP1 gene boundary between different and within the same bocavirus species (Kapoor et al., 2010b) . In the present study, possible recombination events were observed in PBoV4 strain SH14F/12, which may have emerged from recombination between strains SH14F/1 and SH14F/11 in the VP1/VP2 region. This suggests that recombination may be responsible for the within-host genetic diversity observed, at least in PBoV4. This is analogous to our previous finding of the coexistence of different genotypes of a novel coronavirus, Rousettus bat coronavirus HKU9, within the same bat, which was probably because of recombination (Lau et al., 2010b) . Further studies on recombination analysis of other bocaviruses may allow a better understanding of the role of recombination in their genetic diversity and evolution.
PBoV4-1 and PBoV4-2 should represent two different genotypes under the same bocavirus species, rather than two different species, whereas PBoV3 represents a different Novel porcine bocavirus species. Under one of the existing criteria for classification of bocaviruses by the International Committee on Taxonomy of Viruses, species are defined as having a ,95 % homologous non-structural gene DNA sequence (http://www.ictvdb.org/). Although PBoV4-1 and PBoV4-2 shared only 94 % nucleotide identity in NS1, the NP1, VP1, VP2 and non-coding regions were identical, giving an overall 97.7 % nucleotide identity for the entire genome. With such small differences localized to the NS1 region, we believe it is more appropriate to consider them as different genotypes within the same species, PBoV4. In contrast, PBoV3 possessed 94.2 and 97 % nucleotide identity to PBoV4-1 and PBoV4-2 in the NS1 region, respectively, but 80.2 and 76.3 % nucleotide identity to the latter two genomes in VP1 and VP2, respectively. However, with their marked difference in the VP1/VP2 region, they may be classified more appropriately as two different species. Further studies and discussion will be needed to determine whether sequences from both the NS1 and VP1/VP2 regions would more accurately define the species or genotype in bocaviruses.
The pathogenicity of the various newly identified porcine parvoviruses remains largely undetermined. The first described porcine parvovirus (PPV) is known to cause reproductive failure in pregnant females and fetal death in swine populations worldwide, whilst PPV2 was identified in swine sera of unknown significance from Myanmar (Hijikata et al., 2001; Soucie et al., 2000) . We have previously described a third porcine parvovirus, PHoV, detected from various tissues of both healthy and diseased swine in Hong Kong (Lau et al., 2008) . The fourth porcine parvovirus, PPV4, was identified among swine with acuteonset disease of high mortality in North Carolina, USA (Cheung et al., 2010) . Recently, several reports have described the detection of bocaviruses from porcine samples, mainly from faecal and/or serum specimens (Blomström et al., 2009; Cheng et al., 2010; Zeng et al., 2011; Zhai et al., 2010) . PBoV1 and PBoV2, with complete genome sequences available, were identified in healthy piglets from farms in Lulong County, China (Cheng et al., 2010) . Although partial NP1 and complete VP1 sequences closely related to PBoV4 were also detected in the same report (Cheng et al., 2010) , the possible existence of within-host genetic diversity was not mentioned. It remains to be determined whether these sequences represent PBoV4 or a different bocavirus species. Another porcine bocavirus, PBoV strain WUH1, with a complete coding sequence available, and which is only distantly related to PBoV3 and PBoV4, was detected in a clinically normal pig in central China (Zeng et al., 2011) . Other partial sequences, probably representing bocaviruses other than PBoV3 and PBoV4, have also been reported in swine from Sweden and China (Blomström et al., 2009; Zhai et al., 2010) . The present study is the first to investigate the tissue distribution of bocaviruses in porcine samples from different sites. PBoV3 and PBoV4 were detected in various porcine tissues from both healthy and diseased pigs, suggesting a wide tissue tropism. Nevertheless, the highest detection rates were observed in faecal specimens, with up to 70 % testing positive for either PBoV3 or PBoV4, although no obvious disease association could be observed. Further studies are required for a better understanding of the epidemiology, evolution and pathogenicity of the wide variety of parvoviruses in swine populations.
METHODS
Collection of animal specimens. All specimens were collected over a 2-year period (August 2005 to July 2007). A total of 303 porcine samples were obtained from a slaughterhouse and pig farms in Hong Kong with assistance from the Veterinary Public Health Section, Food and Environmental Hygiene Department, and Agriculture, Fisheries and Conservation Department, the Government of Hong Kong Special Administrative Region. These included 89 lymph nodes, 114 serum samples, 50 nasopharyngeal samples and 50 faecal samples from 169 healthy, sick or deceased pigs, collected using procedures described previously (Lau et al., 2005 (Lau et al., , 2008 . The health status of the pigs was determined before slaughter and only healthy pigs were later processed for distribution to food markets for human consumption. All samples from healthy and sick pigs were collected after they had been killed in the slaughter house. In addition, 30 porcine liver samples were collected from food markets. To prevent crosscontamination, dissection and collection of tissue samples were performed using disposable scalpels and from the centre of each tissue after surface decontamination using protective gloves that were changed for each tissue sample. Nasopharyngeal and faecal samples were placed in viral-transport medium before transportation to the laboratory for nucleic acid extraction.
Detection of bocaviruses. DNA was extracted from all samples using a QIAamp DNA Mini kit (Qiagen), according to the manufacturer's protocol. The DNA was subjected to PCR for bocaviruses, using forward primer 59-CGGCAAGNACNGGKAA-RAC-39 and reverse primer 59-CATNATNCAYTCYTCCCACCA-39 targeting a 144 bp fragment of the NS1 gene, designed by multiple alignment of the nucleotide sequences of NS1 regions of known bocaviruses including HBoV, BPV and MVC. As a potentially novel porcine bocavirus was discovered from the specimens, forward primer 59-AAGGTTTAAATCCCTACCTGAAA-39 and reverse primer 59-GAGGTTCCCCCGTGTCTTT-39, which targeted a 162 bp fragment of the VP1 gene, were specifically designed based on the complete genome sequences obtained from specimen SH17N for subsequent PBoV detection. Standard precautions were taken to avoid PCR contamination and no false-positive results were observed in negative controls.
PCR products were gel-purified using a QIAquick Gel Extraction kit (Qiagen). Both strands of the PCR products were sequenced twice using an ABI Prism 3700 DNA Analyser (Applied Biosystems), using the PCR primers. The sequences of the PCR products were compared with known sequences of VP1 regions of bocaviruses in GenBank.
Analysis of intra-and inter-host genetic diversity. As marked nucleotide polymorphisms were observed in the partial VP1 sequences of the bocaviruses identified from porcine specimens during the initial screening, PCR, cloning and sequencing of the complete VP1 genes from selected positive samples were performed to examine the existence of multiple strains and their genetic diversity within the same host and between different hosts. Three faecal specimens and one nasopharyngeal specimen from three deceased pigs [faecal and nasopharyngeal specimens from SH17 (SH17F and SH17N), and faecal specimens from SH14 (SH14F) and SH20 (SH20F)] were subjected to PCR using DNA extracted directly from the specimen as templates. Amplification of the complete VP1 gene was performed using forward primer 59-TGTCTGTACTGGGATG-ATTTCT-39 and reverse primer 59-ATTAAAGTGTCAACATGCAG-TCT-39 in the first-round PCR and forward primer 59-CAGA-CGTGGAAATGTTAGAAGC-39 and reverse primer 59-TGAATTT-ACATACAGAGCAAAGG-39 in a nested PCR. The PCR mixture (25 ml) contained DNA, iProof High-fidelity PCR buffer (Bio-Rad), 200 mM of each dNTP and 0.5 U iProof High-fidelity DNA polymerase (Bio-Rad). The mixtures were amplified by using 40 cycles of 98 uC for 10 s, 55 uC for 30 s and 72 uC for 1.5 min, with a final extension at 72 uC for 10 min, in an automated thermal cycler (Applied Biosystems). The PCR products were gel purified by using a QIAquick Gel Extraction kit. A single deoxyadenosine was added to the 39 ends of the purified PCR products by incubating the reaction mixture with 1 U Taq polymerase (Applied Biosystem) at 95 uC for 10 min, followed by 10 min at 72 uC. The modified PCR products were purified by using a QIAquick PCR Purification kit (Qiagen) and cloned into pCR-XL-TOPO vector (Invitrogen) according to the manufacturer's instructions. Inserts of the clones were sequenced with an ABI Prism 3700 DNA Analyser using primer sets that covered the entire insert in both directions (primer sequences are available on request).
Bootscan analysis. Bootscan analysis was used to detect possible recombination, using nucleotide alignment of the available VP1 sequences of different PBoV genotypes generated by CLUSTAL_X2 and edited manually. Bootscan analysis was performed using SIMPLOT version 3.5.1 (F84 model; window size, 200 bp; step, 10 bp) (Lau et al., 2010a; Lole et al., 1999) .
Complete genome sequencing and analysis. As complete VP1 sequence analysis revealed multiple sequence types that formed two distinct clusters among the four samples studied, the existence of different bocaviruses was suspected. Complete genome sequences were determined for the identified novel porcine bocaviruses from two samples (SH17N and SH20F) from two deceased pigs by using the strategy described previously (Lau et al., 2007b (Lau et al., , 2008 Woo et al., 2005) . DNA extracted directly from the specimens was used as template and amplified using degenerate primers designed by multiple alignment of the genomes of HBoV, BPV and MVC, and additional primers covering the original degenerate primer sites were designed from the results of the first and subsequent rounds of sequencing. Primer sequences are available on request. The terminal sequences were confirmed by a modified RACE protocol (Allander et al., 2005; Lau et al., 2007b) .
For the sample SH17N, marked nucleotide polymorphisms were observed in the NS1 gene sequence obtained. Therefore, cloning and sequencing of the complete NS1 gene were performed to examine the existence of multiple strains in this sample. Amplification of the complete NS1 gene was performed by using forward primer 59-AAGAGGCTACAGTCTGAGCTCAT-39 and reverse primer 59-CACAGCGACAACAAGGTCCTTGAGCGTA-39 in the first-round PCR and forward primer 59-CAGCTCCGGCAAGTATCCTCTTA-39 and reverse primer 59-CAACAAGGTCCTTGAGCGTAGAGCACAA-39 in the nested PCR using iProof High-fidelity DNA polymerase, as described above. The PCR product was gel purified using a QIAquick Gel Extraction kit and cloned into pCR-Blunt II-TOPO vector (Invitrogen) according to the manufacturer's instructions. Inserts of the clones were sequenced with an ABI Prism 3700 DNA analyser, using primer sets that covered the entire insert in both directions.
Sequences were assembled and edited manually to produce final sequences of the viral genome. All assembled sequences were confirmed by independent PCR using specific primers across overlapping regions to ensure accuracy of the assembled sequences.
The nucleotide sequences of the genomes and the predicted ORFs were compared with those of other bocaviruses. A maximumlikelihood phylogenetic tree was constructed using PhyML version 3.0 (Guindon & Gascuel, 2003) under the best evolutionary model (GTR+I) determined by using the ModelGenerator program (Keane et al., 2006) . Bootstrap values were estimated by using 100 replicates on the maximum-likelihood substitution model. Protein domain and family analysis was performed by using the InterProScan program (Apweiler et al., 2001 ).
Statistical analysis. Comparison of detection rates between different groups was performed using a x 2 test (SPSS version 11.5). P,0.05 was regarded as being statistically significant.
